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Abstract
Type I reaction centers (RCs) are multisubunit chlorophyll^protein complexes that function in photosynthetic organisms
to convert photons to Gibbs free energy. The unique feature of Type I RCs is the presence of iron^sulfur clusters as electron
transfer cofactors. Photosystem I (PS I) of oxygenic phototrophs is the best-studied Type I RC. It is comprised of an
interpolypeptide [4Fe^4S] cluster, FX, that bridges the PsaA and PsaB subunits, and two terminal [4Fe^4S] clusters, FA and
FB, that are bound to the PsaC subunit. In this review, we provide an update on the structure and function of the bound
iron^sulfur clusters in Type I RCs. The first new development in this area is the identification of FA as the cluster proximal to
FX and the resolution of the electron transfer sequence as FXCFACFBCsoluble ferredoxin. The second new development
is the determination of the three-dimensional NMR solution structure of unbound PsaC and localization of the equal- and
mixed-valence pairs in F3A and F
3
B . We provide a survey of the EPR properties and spectra of the iron^sulfur clusters in Type
I RCs of cyanobacteria, green sulfur bacteria, and heliobacteria, and we summarize new information about the kinetics of
back-reactions involving the iron^sulfur clusters. ß 2001 Published by Elsevier Science B.V.
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1. Introduction
Iron^sulfur clusters are ubiquitous in biology [7].
They play an indispensable role in electron transfer
([2Fe-2S] and [4Fe^4S] ferredoxins, HiPIP), catalysis
(aconitase), Fe, NO and O2-sensing (iron-regulatory
protein; iron-responsive element binding protein),
and structure (endonuclease III). They occur as elec-
tron transfer components in enzymes that carry out
catalytic roles (sul¢te reductase, formate dehydroge-
nase, bacterial nitrate reductase), and they exist in
large multisubunit enzymes such as nitrogenase and
hydrogenase, Complex I (NDH dehydrogenase), and
the cytochrome b/c1^Rieske and b6/f^Rieske com-
plexes. They are also present in Type I (iron^sulfur
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type) reaction centers (RCs), where they play an es-
sential role in stabilizing photochemical charge sepa-
ration.
Type I RCs occur in anaerobic green sulfur bac-
teria and heliobacteria, and in oxygenic phototrophic
organisms (Photosystem I of higher plants, algae and
cyanobacteria). Photosystem I (PS I) contains three
[4Fe^4S] clusters, termed FX, FA and FB, that vector
the electron from the site of initial charge separation
to a soluble electron transfer protein, either a [2Fe-
2S] ferredoxin or a £avodoxin. Two of the [4Fe^4S]
clusters, FA and FB, are bound to the PsaC subunit.
The third cluster, FX, is an unusual instance of an
interpolypeptide [4Fe^4S] cluster that bridges the
PsaA/PsaB polypeptides constituting the RC hetero-
dimer. Cyanobacterial PS I represents the best-char-
acterized Type I RC, with a structural model based
on a 4 Aî resolution electron density map [67,68], and
more recently an atomic resolution model based on a
2.5 Aî resolution electron density map (see Jordan et
al., this issue).
From a historical point of view, the elucidation of
the physico-chemical properties of the [4Fe^4S] clus-
ters in PS I preceded genetic and molecular studies of
the genes and proteins. An extensive history of prog-
ress in this ¢eld in the 1970s and 1980s has been
presented in several review articles [18,26,39,74].
The basic techniques used for extraction and recon-
struction of iron^sulfur clusters in PS I is found in
[38], and a summary of the techniques used for in
vivo and in vitro site-directed mutagenesis of the
cysteine ligands to the FA and FB clusters is found
in [36]. An overview of structure and functional
properties of all iron^sulfur proteins involved in pho-
tosynthesis is provided in a recent review by Schoepp
et al. [103].
The primary focus of this review is the structure
and function of the iron^sulfur clusters bound to
Type I RCs. The existence of three [4Fe^4S] clusters
in PS I was well documented by the late 1970s; how-
ever, the proven requirement of a particular cluster
for electron transfer to the soluble electron carriers
ferredoxin and £avodoxin, as well as the precise se-
quence of the electron transfer pathway through the
clusters, remained a matter of controversy until
nearly the turn of the century. Consequently, because
of the lack of a consensus of which cluster served as
the immediate electron donor to soluble ferredoxin,
the reactions of the terminal bound iron^sulfur clus-
ters have been referred to historically as the reactions
of ‘FA/FB’. Arguments supporting di¡erent points of
view are discussed in a comprehensive review on PS I
by Brettel [12], and a history and the resolution of
the issue of the sequence of electron transfer through
FA and FB is discussed in a recent review by Golbeck
[35].
In this article, we provide a comparative survey of
the properties of the bound iron^sulfur clusters in
green sulfur bacteria and heliobacteria, and we dis-
cuss the most important unresolved issues concerning
their function. We also provide an update on issues
concerning the bound iron^sulfur clusters that have
been recently resolved.
2. Basic structural properties of iron^sulfur proteins
The geometric structure of a generic [4Fe^4S] clus-
ter in a protein environment is a distorted cube,
which can be depicted as a tetrahedron of four iron
atoms interpenetrating a larger tetrahedron of four
sulfur atoms (Fig. 1). The atom-to-atom distances
range from 2.67 to 2.81 Aî for the iron tetrahedron,
and 3.49 to 3.61 Aî for the sulfur tetrahedron in dif-
ferent [4Fe^4S] proteins [16]. Most commonly, the
irons are ligated by four cysteines with their sulfur
atoms forming yet another, larger tetrahedron.
The redox couple of a low potential [4Fe^4S] clus-
ter alone is 2/1, while the redox couple for the
entire site, including the cysteinate ligands, is 23/33
[53]. Each [4Fe^4S] cluster functions as an indepen-
dent one-electron cofactor, with a midpoint potential
that can range from +400 mV to 3705 mV
[17,54,112]. The value of the midpoint potential is
determined by a number of factors; none of them
are well-understood. The backbone fold determines
the approximate range of the redox potential (with
the consequence that the redox couple of a HiPIP, a
high potential [4Fe^4S] cluster, is 3/2) and speci¢c
amino acid sequence patterns ¢ne-tune this value
[114]. The midpoint potentials are known to be in-
£uenced by a combination of Coulombic interaction
of the charged [4Fe^4S] cluster with the entire pro-
tein, the polarizability of the protein, and the inter-
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action of both [4Fe^4S] clusters and the protein with
the solvent [54,57,76,112]. Much remains to be done
in this area.
The ground state of [4Fe^4S]2=1 clusters is dia-
magnetic in the oxidized state and paramagnetic in
the reduced state. In the oxidized state, the two ferric
and two ferrous atoms are magnetically coupled, giv-
ing rise to an e¡ective total spin of S = 0. Any para-
magnetism of oxidized iron^sulfur centers at room
temperature is due to a population of excited para-
magnetic states. In the reduced state, the one ferric
and three ferrous iron atoms are magnetically
coupled, giving rise to an e¡ective total spin of
S = 1/2 [90]. Although in the reduced state a [4Fe^
4S] cluster may be considered to contain the formal
valances of three Fe2 atoms and one Fe3 atom,
two localized Fe atom pairs exist: one as an equal-
valence pair (2Fe2), and one as a mixed-valence pair
(2Fe2:5) in which the electron is delocalized over the
two iron sites [10]. Since EPR signals from [4Fe^4S]
clusters have extremely short relaxation times, they
usually can only be detected at temperatures below
ca. 35 K. The samples must be frozen and, except in
single crystals, the molecules will be randomly ori-
ented. As a result, the spectra represent a summation
of signals from redox centers oriented in all direc-
tions relative to the magnetic ¢eld, and are termed
‘polycrystalline powder spectra’. The EPR spectrum
of a [4Fe^4S] cluster typically shows three distinct
g-values re£ecting ‘rhombic’ symmetry. Each g-value
corresponds to the value obtained when the magnetic
¢eld is parallel to one of the three special directions
of the paramagnetic molecule, and are termed gxx,
gyy, and gzz. The principal g-values obtained from
powder spectra are therefore approximately equal
to the single crystal’s principal g-values. The relation-
ship between the crystal axis and the g-tensor axes is
not well understood.
3. The FA and FB clusters
3.1. Biochemical properties of FA and FB in
unbound PsaC
In 1974, an iron^sulfur protein was isolated by
Malkin and co-workers [79] by methanol/acetone ex-
traction of lyophilized spinach chloroplast mem-
branes, but no speci¢c function was assigned to it
at that time. Later, Wynn and Malkin [122] and
Oh-Oka and co-workers [93^95] showed that a ca.
9 kDa protein found in spinach PS I complexes
was indeed the iron^sulfur protein isolated by Mal-
kin and co-workers [79]. The EPR resonances of this
unbound iron^sulfur protein were broader, and the
peak positions were di¡erent from that of F3A/F
3
B
bound to the PS I complex. However the character-
istic EPR spectrum was restored when the protein
was rebound to isolated P700^FX cores [41]. This
protein is now known as PsaC. Further progress in
the resolution of the properties of this protein
awaited the development of methods for the over-
production of recombinant PsaC [77,128].
When wild-type PsaC is expressed in Escherichia
coli, the protein is largely deposited as an inclusion
body. The inclusion bodies can be solubilized with
Fe2+Fe2+
Fe3+
Fe3+
Fe2+Fe2+
Fe2.5+
+ 1e -
- 1e -
Fe2.5+
Oxidized [4Fe-4S]2+     Reduced  [4Fe-4S]      +
Fig. 1. The structure of a [4Fe^4S] cluster in the oxidized and reduced state depicting the presence of mixed- and equal-valence iron
atom pairs (adapted from [62]). The iron and sul¢de atoms of the [4Fe^4S] clusters as well as sulfur and CL atoms of the cysteines li-
gating the [4Fe^4S] cluster are shown with iron atoms as large black spheres, sulfur atoms as light-gray spheres and CL as small black
spheres.
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urea, which also denatures existing clusters, and
L-mercaptoethanol (L-ME), which reduces disul¢de
cross-links. Similar to other dicluster ferredoxins
[20], apo-PsaC is presumed to have little or no de-
¢ned three-dimensional structure in the absence of
the [4Fe^4S] clusters. Nevertheless, the likely pres-
ence of cysteine cross links among the nine cysteine
residues may place some restrictions on the confor-
mational £exibility of the apoprotein. The [4Fe^4S]
clusters can be quantitatively inserted under anaero-
bic conditions by addition of excess L-ME, sodium
sul¢de and ferric chloride to a solution containing
the apoprotein. The [4Fe^4S] clusters are presumed
to undergo insertion into the PsaC apoprotein via a
cysteine-L-mercaptoethanol ligand exchange mecha-
nism. The visible spectrum of reconstituted PsaC is
identical to native PsaC in that it shows relatively
weak and broad absorption bands from 350 to 500
nm which decrease by a factor of ca. 2 on chemical
reduction. The EPR spectrum of sodium reduced
PsaC (Fig. 2E) is similar to native PsaC isolated an-
aerobically from higher plants [79,122] and cyano-
bacteria [93] (see also [35] for comparison of these
spectra).
PsaC is presumed to have evolved from a bacterial
ferredoxin and shares a common motif of two con-
sensus iron^sulfur cluster binding sites with this class
of proteins. The amino acid sequences of PsaC pro-
teins in several strains of cyanobacteria and several
species of higher plants have been deduced from the
sequences of the psaC genes as well as by direct ami-
no acid sequencing [34]. The 81 amino acids are
highly conserved among the 10 sequenced cyanobac-
terial strains [37] and show only minor di¡erences, as
represented by relatively conservative L/T, G/A, I/V
and S/A substitutions at positions 23, 37, 39 and 41,
and S/A and S/T substitutions at positions 2 and 3
(this nomenclature presupposes the N-terminal me-
thionine is present at position 1 and will be used
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(A) PS I complex; FA + FB
(D) PS I complex; FA/FB 
(G) Cb. vibrioforme RC; FA/FB
(F) Cb. vibrioforme RC; FB
(B) C14D PS I complex; FA 
(C) C51D PS I complex; FB
(H) Cb. vibrioforme  cells; FA/FB
(E) Unbound PsaC; FA/FB 
Fig. 2. X-band EPR spectra of [4Fe^4S] clusters FA and FB in
various samples under di¡erent conditions: (A) Superposition
of spectra of F3A and F
3
B in PS I complexes from Synechocystis
sp. PCC 6803 photoinduced at 14 K after freezing of the sam-
ple in the dark. The sample contains 800 Wg/ml chlorophyll a,
50 mM Tris (pH 8.3), 10 mM sodium ascorbate, 4 WM DCPIP
and 20% glycerol. (B) Spectrum of F3B in PS I complexes from
C51DPsaC mutant of Synechocystis sp. PCC 6803 photoinduced
at 15 K after freezing of the sample in the dark. The sample
contains 1 mg/ml chlorophyll a, 50 mM Tris (pH 8.3), 1 mM
sodium ascorbate and 300 WM DCPIP. (C) Spectrum of F3A in
PS I complexes from C14DPsaC mutant of Synechocystis sp.
PCC 6803 photoinduced at 15 K after freezing of the sample in
the dark. The sample contains 1 mg/ml chlorophyll a, 50 mM
Tris (pH 8.3), 1 mM sodium ascorbate and 300 WM DCPIP.
(D) Interaction spectrum of F3A/F
3
B in PS I complexes from
Synechocystis sp. PCC 6803 photoaccumulated upon freezing of
the sample under light to 12 K. The sample contains 800 Wg/ml
chlorophyll a, 50 mM Tris (pH 8.3), 10 mM sodium ascorbate,
4 WM DCPIP and 20% glycerol. (E) Spectrum of unbound re-
combinant PsaC protein chemically reduced with sodium hydro-
sul¢te. The sample contains 100 mM glycine (pH 10.5) and 100
mM sodium hydrosul¢te. (F) Spectrum of F3B in reaction cen-
ters of Chlorobium vibrioforme (anaerobic) photoinduced at 12
K after freezing of the sample in the dark. (G) Interaction spec-
trum of F3A/F
3
B in reaction centers of C. vibrioforme (anaerobic)
photoaccumulated upon freezing of the sample under light to
12 K. The sample contains 470 WM BChl a, 100 mM glycine
(pH 10). (H) Interaction spectrum of F3A/F
3
B in whole cells of
C. vibrioforme (anaerobic) photoaccumulated upon freezing of
the sample under light to 14 K in the presence of 20% glycerol.
To account for di¡erent resonators the magnetic ¢eld reference
values in the spectra were converted to corresponding g-values
as described in [118].
6
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throughout this review). The 81-amino-acid higher
plant PsaC di¡ers from the cyanobacterial PsaC
only in two regions; other than a couple of conser-
vative substitutions, a more substantive ACK sub-
stitution occurs at position 37 and a GACWH pair
substitution occurs at positions 70/71. Because higher
plant PsaC can be rebound to cyanobacterial P700^
FX cores [83], and because cyanobacterial PsaC can
be rebound to higher plant P700^FX cores (J.H. Gol-
beck, unpublished results), these di¡erences in amino
acid composition apparently have no e¡ect on either
binding or on the electron transfer properties of FA
and FB.
PsaC has a total of nine cysteine residues, eight of
which form two typical [4Fe^4S]-cluster-binding mo-
tifs consisting of the sequence CxxCxxCxxxCP
[25,94]. In PsaC a pseudo C2-symmetry axis is ori-
ented perpendicular to the vector connecting the two
[4Fe^4S] clusters in a manner similar to Peptostrep-
tococcus asacharolyticus [61]). Nevertheless, PsaC
contains structural elements not present in bacterial
ferredoxins. A minor extension of the N-terminus
(2 residues), a sequence insertion of 8-amino acids
(the so-called Z-loop which is found between the
iron^sulfur sites) and a 14^15 amino acid C-terminal
extension are not present in bacterial ferredoxins (see
Fig. 1 in Antonkine et al. [3]). It seems reasonable
that the Z-loop and the C-terminal extension are
responsible for PS I-speci¢c functions of this protein.
For example, amino acids located in the Z-loop are
considered to be involved in ferredoxin/£avodoxin
binding [31]. In the 4 Aî crystal structure of the PS
I complex [68] the C-terminus of PsaC has an ex-
tended coil conformation and is thought to be in-
volved in binding to the PsaA/PsaB heterodimer.
The presumed similarity of the central structural
features of PsaC to dicluster ferredoxins has fostered
the widespread use of high-resolution X-ray and
NMR structures (PDB entries 1FDX, 1FDN,
1CLF, 2FDN) [1,9,21,24] as a models for PsaC.
This has proved to be a reasonable approach: the
similarity between PsaC and bacterial ferredoxins is
con¢rmed in the 4 Aî PS I X-ray crystal structure [68]
and the NMR solution structure of PsaC [4] (see
Section 3.4). Recent examples of the successful im-
plementation of this strategy include the mutagenesis
of the cysteine ligands to the [4Fe^4S] clusters in the
PsaC protein [36] and the interpretation of the NMR
data of fully reduced PsaC [3], which allowed iden-
ti¢cation of the positions of the equal- and mixed-
valence pairs in FA and FB (see Section 4.1).
3.2. EPR properties of FA and FB
EPR spectroscopy has been the most informative
technique to detect and resolve signals from the in-
dividual iron^sulfur clusters (for a concise summary
of EPR techniques applied to iron^sulfur clusters see
[96]; see also [43] for a comparison of the EPR prop-
erties of di¡erent iron^sulfur proteins). Since the un-
paired electrons in iron^sulfur clusters are localized,
at least in part, on the 3d-orbital of the transition
metal [91], spin^orbit coupling leads to a signi¢cant
deviation of the g-value from that of 2.0023 for a
free electron. This deviation re£ects electromagnetic
interactions of the spin system with its surroundings,
and therefore the EPR spectrum contains structural
information that is otherwise di⁄cult to obtain by
other techniques. A number of experimental proto-
cols using low-temperature EPR spectroscopy have
been developed to detect and quantify the terminal
iron^sulfur clusters FA and FB. These protocols can
be applied to whole cyanobacterial cells, isolated thy-
lakoid membranes and puri¢ed RCs, as well as to PS
I complexes reconstituted in vitro from isolated
P700^FX cores and recombinant PsaC [38]. These
methods provide distinguishable EPR spectra of FB
and FA, but because of the limited time-response of
EPR spectroscopy, do not allow measurement of the
kinetics of electron transfer between the iron^sulfur
clusters.
Freezing a PS I complex in the dark, with subse-
quent illumination at temperatures below 200 K, al-
lows promotion of one electron from P700 to either
FA or FB, but not both, in a given RC [5,6,27,80].
There is little possibility of magnetic interaction be-
tween reduced iron^sulfur clusters of di¡erent pro-
teins, and the EPR spectrum therefore represents a
superposition of the individual F3A and F
3
B spectra
(Fig. 2A). F3A has rhombic features with g-values of
2.05, 1.95 and 1.85; F3B has rhombic features with
g-values of 2.07, 1.93 and 1.88. The ratio of FA and
FB reduced under these conditions is ca. 4:1, and the
e⁄ciency of forward electron transfer to FA or FB is
limited to ca. 40% [19] or 67% [107] at cryogenic
temperatures. The resonances are best observed at
BBABIO 45071 12-10-01
I.R. Vassiliev et al. / Biochimica et Biophysica Acta 1507 (2001) 139^160 143
temperatures between 15 to 18 K (under 40 mW of
microwave power) as a result of the opposing e¡ects
of linewidth broadening at higher temperatures and
microwave power saturation at lower temperatures.
At 18 K, both clusters enter saturation at relatively
high microwave powers (s 100 mV). The unique
spectrum of F3A can be observed in the C14D mutant
of Synechocystis sp. PCC 6803 PsaC (Fig. 2B), while
the unique spectrum of F3B can be observed in the
C51D mutant of the same strain (Fig. 2C) [59]. The
altered cluster is suggested to be in a high spin state
(Sv3/2), and is therefore not visible in the g = 2 re-
gion. The F3A-only spectrum can also be measured in
RCs devoid of FB obtained by treating isolated thy-
lakoid membranes or PS I RCs with high concentra-
tions of HgCl2 [47,60,100].
Freezing a PS I complex during continuous illumi-
nation promotes two or more electrons through P700
to both FA and FB, producing a so-called ‘interac-
tion spectrum’ with g-values of 2.05, 1.94, 1.92 and
1.88 (Fig. 2D). This interaction spectrum results
from the close distance between the two spin systems,
F3A and F
3
B , which necessitates the introduction of an
additional term in the spin Hamiltonian that re£ects
magnetic coupling between the two paramagnetic
centers. The F3A/F
3
B interaction spectrum is best ob-
served at temperatures of 15^18 K (under 40 mW of
microwave power). Incubation of PS I complexes
with 50^100 mM sodium hydrosul¢te at pH 10 in
darkness reduces both FA and FB, and the spectrum
measured at 15 K is identical to the photoinduced
interaction spectrum.
EPR and NMR studies of unbound PsaC show
that the magnetic properties of the two [4Fe^4S]
clusters in both reduced [3,79,94,95] and oxidized
[8] states are essentially indistinguishable. The only
noticeable di¡erence is that the EPR linewidth of F3A
is slightly broader than F3B in mutants of PsaC (in
which the resonances of the mixed-ligand clusters are
not observed in the g = 2.0 region [35]). When PsaC
is bound to PS I in the absence of PsaD, the EPR
linewidths of F3A and F
3
B are broader than in the
presence of PsaD [77]. Since the EPR spectra of F3A
and F3B in unbound PsaC have di¡erent g-values and
broader linewidths (of the individual g-components)
than in bound PsaC, it follows that the g-tensor is
not invariant, but is altered by protein^protein asso-
ciation of PsaC with the PS I core. The changes in
the g-tensor of F3A and F
3
B support the proposal that
the protein undergoes a structural change on bind-
ing, one that a¡ects the environment of the iron^
sulfur clusters and alters their magnetic properties
[4].
3.3. Identi¢cation of FA and FB relative to the
crystallographic axis of PsaC
The location of FA and FB relative to the cysteine
ligands was deduced from site-directed PsaC mutants
with cysteine-to-aspartic acid substitutions in posi-
tions 14 and 51 (the second cysteine in the
CxxCxCxxxCP binding motif) [77,128]. The key to
this experiment is that the EPR spectrum of the clus-
ter in the modi¢ed site is di¡erent from the wild-type,
while the EPR spectrum of the cluster in the non-
modi¢ed site remains identical to the wild-type.
These studies showed that the spectrum of FB in
C51D-PS I or C51S-PS I complexes remained un-
changed, indicating that FB is present in the unmodi-
¢ed site. FA with an altered spin state and relaxation
properties is therefore present in the modi¢ed site. It
follows that FB is ligated by cysteines 11, 14, 17 and
58. The spectrum of FA in C14D-PS I or C14S^PS I
complexes remained unchanged, indicating that FA is
present in the unmodi¢ed site. FB with altered spin
state and spin relaxation behavior is therefore
present in the modi¢ed site. It follows that FA is
ligated by cysteines 48, 51, 54 and 21. The assign-
ment of FA and FB was identical in PsaC from Syn-
echocystis sp. PCC 6803 [59,126], Synechococcus sp.
PCC 7002 [128] and Anabaena variabilis [82]. Hence,
the expectation is that the assignment of FA and FB
relative to the crystallographic axis is universal
among all PsaC proteins.
3.4. Three-dimensional NMR solution structure of
unbound PsaC
Despite its occurrence as integral part of the mem-
brane-bound PS I complex, the unbound form of
PsaC is a highly soluble protein. In the oxidized
state, the [4Fe^4S] clusters are diamagnetic in the
ground state, and the paramagnetism seen at room
temperature is due to a population of excited para-
magnetic states. Since the protein is relatively small,
nearly all amino acids are a¡ected by the paramag-
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netic [4Fe^4S] clusters, with amino acids at the
C-terminus being the only exception. Proximity to
a paramagnetic center causes NMR line broadening,
which results in signal overlap and in broadening of
some signals beyond the detection limit. This com-
plicates the determination of the solution structure
by NMR.
The solution structure of recombinant, oxidized,
unbound Synechococcus sp. PCC 7002 PsaC has
been solved by NMR spectroscopy with constraints
derived from homonuclear and heteronuclear, one-,
two- and three-dimensional experiments [4]. Using
1H and 15N spectroscopy, resonances belonging to
78 out of 80 amino acids have been assigned, but
due to severe signal overlap and/or line broadening
for some amino acids only partial assignment of the
spin system was obtained. The assignment of the
NMR signals was not based on any previously de-
scribed structure and was thus de novo. Fig. 3 shows
a ¢nal family of 30 NMR structures. The resolution
of the NMR solution structure of PsaC is equivalent
to a resolution of ca. 3 Aî in X-ray crystallography.
As expected, the NMR structure of PsaC shows that
the iron^sulfur binding central domain has a three-
dimensional structure similar to that of dicluster bac-
terial ferredoxins and PS I-bound PsaC [4,68]. The
distances and the relative orientations of the [4Fe^
4S] centers are identical, within the limit of resolu-
tion, to those of found in Clostridium acidi urici,
C. pastererianum, P. asacharolyticus and other diclus-
ter ferredoxins with solved structures (PDB entries
1FDX, 1FDN, 1CLF, 2FDN) [1,9,21,24]. The dis-
tance between two iron^sulfur centers is ¢xed by a
one turn K-helix found between cysteines III and IV
of the consensus iron^sulfur binding sites. The
Z-loop, a PsaC-speci¢c sequence insertion as com-
pared to dicluster ferredoxins, forms two anti-paral-
lel L-sheet strands connected by a turn in the NMR
solution structure. The secondary structure of the
Z-loop in unbound PsaC is superimposable with
the PS I-bound form of PsaC [4,68].
The pre C-terminal region of PsaC (residues 61^
70) is equivalent to the C-terminus of dicluster fer-
redoxins [3,4]. In ferredoxins, the N-terminal and
C-terminal ends are arranged as a two-stranded anti-
parallel L-sheet [1,9,21,24]. A similar arrangement is
found in PS I-bound PsaC, where the N-terminal
and pre C-terminal ends are near-parallel to each
other [68]. In the solution structure of PsaC, the
N-terminus bends and slides in between the pre
C-terminal region and the FA binding site. Thus,
the near-parallel arrangement of these elements of
the secondary structure found in PS I-bound PsaC
is broken in unbound PsaC [4]. As result of these
changes, the N-terminus and pre C-terminal region
move further away from the FA site when compared
to PS I bound protein. Consequently, in unbound
PsaC, the FA binding site has fewer contacts with
other parts of the protein than does the second
iron^sulfur binding site in bacterial ferredoxins
(equivalent of FB in PsaC) or the same site in the
bound PsaC. This results in increased disorder found
in the surroundings of the FA binding site. The fact
that FA binding site becomes more exposed to sol-
vent may explain why unbound PsaC is so sensitive
to degradation by oxygen. In contrast, PS I bound
PsaC is stable under aerobic conditions.
The disorder of the C-terminus in unbound PsaC
is evident in Fig. 3A, which shows a family of 30
structures in a superposition of amino acids 5^67
of the core iron^sulfur and pre C-terminal regions.
Fig. 3B shows the same family of structures in super-
imposition of amino acids 68^80 at the C-terminus;
this clearly reveals the helical propensity of the
C-terminus. In PS I bound PsaC, the C-terminal ex-
tension (residues 68^80) stretches out into the bind-
ing interface between the PsaB and the PsaD poly-
peptides and has a conformation quite di¡erent from
the one found in unbound PsaC [68]. The C-terminus
is the only region of PsaC that is su⁄ciently distant
from FA and FB to be una¡ected by their paramag-
netism. Therefore, the total absence of long-range
NOE constraints and the subsequent disorder in its
tertiary structure is most likely to be caused by mo-
bility of the C-terminus region. This conclusion is
also supported by the absence of speci¢c types of
NOEs, typical for helical secondary structures, and
by the absence of continuous series of 3JHNHK cou-
pling constants below 4.5 Hz.
The formation of a multi-turn, compact helical
structure on the C-terminus of PsaC and the con-
certed movement of the N- and pre C-terminal re-
gions of PsaC away from the FA binding site, accom-
panied by a bending of N-terminus, are special
structural features found only in unbound PsaC in
solution [4]. The mobility of the C-terminus in un-
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Fig. 3. Backbone drawing of the family of 30 superimposed structures of unbound, oxidized PsaC from Synechococcus sp. PCC 7002
determined by solution NMR [4]. (A) Backbone of the family of 30 structures is shown in a superposition of amino acids 5^67. The
iron and sul¢de atoms of the [4Fe^4S] clusters of each of the 30 structures are shown with iron atoms as dark-gray spheres, sulfur
atoms as light-gray spheres. The direction of the view is perpendicular to the FA/FB connecting axis and parallel to the stromal mem-
brane plane of the assembled PS I complex. (B) The backbone of amino acids 68^80 in the same family of 30 PsaC structures is
shown in superposition of solely the amino acids 68^80. The helical secondary structure of the C-terminus is clearly revealed. This ¢g-
ure has been prepared using MOLMOL [71].
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bound PsaC is not observed in the PS I-bound form
[68]. The observed structural di¡erences between
bound and unbound PsaC could be potentially im-
portant for assembly of the stromal polypeptides
onto PS I. It is perhaps signi¢cant that the stromal
PS I subunits PsaD and PsaE do not bind to the PS I
core in the absence of PsaC [77,125]. We proposed
that a conformational change in PsaC could act as a
switch to allow binding of not only PsaC, but also of
PsaD and PsaE, thereby resulting in the completion
of PS I assembly [4].
4. Pathway and kinetics of electron transfer between
FA and FB
4.1. Orientation studies of PsaC on the PS I complex
One of the most important features revealed by the
model based on the 6 Aî resolution X-ray crystal
structure of PS I was the arrangement of the three
iron^sulfur clusters in an irregular triangle [72]. Ac-
cording to the model based on the more recent 4 Aî
resolution X-ray crystal structure [67], the centers of
the two terminal clusters (denoted as F1 and F2) are
12.1 Aî apart, while the distances between these clus-
ters and FX are 15.2 and 22.3 Aî , respectively. There-
fore the distance vector connecting FA and FB is
tilted ca. 54‡ from the membrane normal. EPR stud-
ies of oriented samples have provided complimentary
information about orientation and arrangement of
the three iron^sulfur clusters. The orientations of
the g-tensor axes can be determined relative to the
macroscopic orientation axes and relative to each
other by measuring EPR spectra at di¡erent rotation
angles inside the EPR cavity. In PS I complexes ori-
ented in the Zeeman ¢eld, the gxx-tensor axis was
found to be oriented predominantly normal to the
plane of the thylakoid membrane [23]. This observa-
tion was con¢rmed in PS I membrane fragments ori-
ented on thin Mylar ¢lms [44]. The latter work also
provided the ¢rst indication that the FA^FB axis
was tilted from the membrane plane, implying that
electron transfer from FX to ferredoxin occurs se-
quentially through the two terminal iron^sulfur clus-
ters.
In the ¢rst EPR study of single PS I crystals, ro-
tation patterns of six line positions corresponding to
six individual complexes in the unit cell were ob-
tained and used to determine the orientation of the
principal axes of the F3A g-tensor relative to each of
the six PS I complexes. In a subsequent study, the
orientations of the principal g-tensor axes of F3A and
F3B with respect to the crystal axes for each of the six
PS I centers per unit cell were resolved as well and
their orientation with respect to one another [62].
Only two out of six of the relative arrangements of
the g-tensors are compatible with the known struc-
ture of ferredoxin from P. asacharolyticus. The full
g-tensor orientation of F3A and F
3
B in single crystals
of PS I ¢xed the orientation of PsaC along the rota-
tion axis which passes through FA and FB. However,
because of its pseudo-C2 symmetric axis a 2-fold
ambiguity in the orientation of PsaC remained, leav-
ing the issue of whether FA or FB is proximal to FX
unresolved [61].
One of the implications of this work is that the
electronic structures of the two [4Fe^4S] clusters
with respect to the mixed- and equal-valence Fe-Fe
pair conform to a local C2-axis. The analysis presup-
posed that the location of the mixed- and equal-va-
lence pairs in PsaC is the same as in P. asacharoly-
ticus ferredoxin. This uncertainty was removed by an
NMR study of unbound of cyanobacterial PsaC, in
which the preferential position of the mixed- and
equal-valence pairs was inferred by 1H NMR spec-
troscopy, In this study, the temperature dependence
of contact-shifted resonances arising from HK and
LCH2 protons of cysteines that ligate FA and FB
were measured in the fully-reduced protein [3]. A
sequence speci¢c assignment of these signals, how-
ever, was a necessary precondition for this assign-
ment. The de novo self-consistent sequence-speci¢c
and stereo-speci¢c assignment of NMR resonances
was based on 1D NOE di¡erence spectra and T1
relaxation times, which were interpreted using the
C. acidi urici ferredoxin structure as a model (PDB
entry 2FDN, [21]). Cysteines 48 and 54 were identi-
¢ed as ligands to the mixed-valence pair, and cys-
teines 21 and 51 were identi¢ed as ligands to the
equal-valence pair of F3A.; cysteines 11 and 17 were
identi¢ed as ligands to the mixed-valence pair, and
cysteines 14 and 58 were identi¢ed as ligands to the
equal-valence pair of F3B (Fig. 4B).
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4.2. Resolution of the electron transfer pathway
between FX , FA and FB
The sequence of electron transfer between the
iron^sulfur clusters in PS I has been subject to ex-
tensive, long-time debate. (The pros and cons of
these arguments will not be repeated here; the reader
is directed to [36] for a recent review of the issues.) In
the absence of crystallographic data (which is now
available), there were two ways to solve this prob-
lem; one is to determine the absolute orientation of
PsaC on the PS I complex, and the other is to de-
termine which cluster is proximal to FX and which
cluster is proximal to soluble ferredoxin or £avodox-
in.
The absolute orientation of bound PsaC was de-
duced by a comparison of the spin states of in vitro
and in vivo C14X-PS I and C51X-PS I (X = D, S, A
or G) mutants of PsaC [35]. In vitro mutants involve
the reconstruction of PS I from recombinant PsaC,
PsaD and P700^FX cores, and in vivo mutants in-
volve the engineering of these mutations within Syn-
echocystis sp. PCC 6803 [26]. These studies showed
that both sulfur and oxygen ligands support a [4Fe^
4S] cluster at the modi¢ed sites, but the reduced
cluster is in a ground spin state of S = 3/2 or S = 1/
2 depending on the chemical identity of the ligand
and on whether PsaC is unbound or bound to PS I.
The seminal observation from the comparison of
these mutants was that sulfur from a rescue thiolate
is preferred over the oxygen from an amino acid side
F
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Fe2+Fe
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Fe2.5+
Fe2.5+
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C11
 C58
Fe2+
Fe2.5+
Fe2.5+
C54
C51 C21
C48
FA
Fe2+
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6
Fig. 4. (A) Cartoon of PS I complex depicting proposed dis-
placement of L-mercaptoethanol rescue ligand from position 51
and retention of L-mercaptoethanol rescue ligand at position 14
after rebinding PsaC mutant proteins to the PsaA/PsaB hetero-
dimer The orientation rests on the premise that sulfur is a bet-
ter ligand to iron than oxygen. It was proposed that the free
energy of binding of PsaC to its site on the PsaA/PsaB/PsaD
complex drives the displacement of the external thiolate ligand
in favor of the carboxylate or hydroxy side group of the aspar-
tate or serine replacement amino acid. The location of the FA
and FB clusters relative to FX resolves the 2-fold ambiguity of
the orientation of PsaC on the PS I complex. (Adapted from
[35].) (B) The [4Fe^4S] clusters FA and FB of PsaC in the re-
duced state. The iron and sul¢de atoms of the [4Fe^4S] clusters
as well as sulfur and CL atoms of the cysteines ligating the
[4Fe^4S] cluster are shown with iron atoms as large black
spheres, sulfur atoms as light-gray spheres and CL as small
black spheres. The presence of the mixed- and equal-valence
iron atom pairs in the reduced [4Fe^4S] cluster is shown along
with CL of cysteines ligating irons of respective pair. (Adapted
from [62].) In FA cysteines 48 and 54 were identi¢ed as ligands
to the mixed-valence pair, and cysteines 21 and 51 were identi-
¢ed as ligands to the equal-valence pair. In FB cysteines 11 and
17 were identi¢ed as ligands to the mixed-valence pair, and cys-
teines 14 and 58 were identi¢ed as ligands to the equal-valence
pair [3]. One of several possible g-tensor orientations is de-
picted.
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chain as a ligand to FA and FB in unbound C14X
PsaC and C51X PsaC (X = D, S). The rescue thiolate
ligand in the modi¢ed site of FB is retained when
C14X PsaC rebinds to P700^FX cores. However,
the rescue thiolate ligand in the modi¢ed site of FA
is displaced when C51X PsaC rebinds to P700^FX
cores (Fig. 4A). The most straightforward explana-
tion is that the stringent steric requirements in the
PsaC binding site lead to the displacement of the
rescue thiolate by the oxygen-containing amino acid
in the FA, but not the FB, site. This otherwise-unfav-
orable ligand replacement in the FA site is likely to
be driven by the favorable free energy of binding
PsaC to the PsaA/PsaB heterodimer. Conversely,
there would be no need to displace the rescue thiolate
if the FB site were exposed to the solution. Since the
4 Aî crystal structure shows that PsaC is bound asym-
metrically to PS I, PsaC must be oriented with FA
proximal to FX and FB distal to FX. The upshot of
this analysis is that PsaC is oriented so that electron
transfer proceeds from FXCFACFB.
The key to further work the electron transfer se-
quence between FX, FB and FA was ultimately pro-
vided by Sakurai and co-workers, who found that FB
is selectively extracted by HgCl2 treatment while FA
is left almost totally intact [70]. This technique works
on thylakoids and PS I particles isolated from both
higher plants and cyanobacteria. The selective extrac-
tion of FB was con¢rmed by loss of the F3A/F
3
B EPR
interaction spectrum [70] as well as transient absor-
bance spectroscopy [100] using the multiple £ash ex-
citation protocol developed by Sauer and co-workers
[101]. Steady-state rates of electron transfer from
plastocyanin to NADP or to ferredoxin in spinach
PS I [47], and from cytochrome c6 to NADP or to
£avodoxin in Synechococcus sp. PCC 6301 PS I [60]
were inhibited by ca. 70%. In the latter study,
NADP reduction was completely restored upon re-
building of the FB cluster. Although selective extrac-
tion of FB hinted at a lower steric hindrance of FB to
outside reagents, this ¢nding did not by itself resolve
the issue of the electron transfer sequence between
FX, FB and FA. The answer was provided by quan-
titative studies from biophysical measurements on
P700^FA/FB and P700^FA complexes.
b In an optical study, single-turnover £ashes were
used to promote step-by-step electron transfer in
P700^FA/FB and P700^FA complexes. The number
of £ashes that occur prior to the P700 back-re-
action indicates the number of active FeS clusters:
three in the former and two in the latter. Electron
transfer to ferredoxin was inhibited in the P700^
FA complexes, but was restored after reconstitut-
ing the FB cluster. The data are in agreement with
a geometry that places FA as the cluster proximal
to FX [117].
b In another optical study, £ash-absorption mea-
surements showed that the a⁄nity of ferredoxin
for HgCl2-treated PS I was only decreased by a
factor of 3^4 compared to untreated PS I. The
¢rst-order rate constant of ferredoxin reduction
by FA within the PS I/ferredoxin complex was sev-
eral orders of magnitude smaller than in the con-
trol. Moreover, it was smaller than the rate of
recombination from F3A resulting in ine⁄cient fer-
redoxin reduction. After reconstitution of FB,
about half of reconstituted PS I recovered fast re-
duction of ferredoxin with kinetics similar to that
of untreated PS I. These results support FB as the
reaction partner to ferredoxin [22].
b In a photovoltage study, which measures the di-
electrically-weighted distance across a membrane
in oriented PS I complexes, the relative contribu-
tion of the membrane potential was measured in
P700^FA/FB and P700^FA complexes in the pres-
ence of ferredoxin and methyl viologen. The am-
plitude of the photovoltage was found to be lower
in P700^FA than in P700^FA/FB complexes, a re-
sult that supports FB as the terminal electron ac-
ceptor [81].
b In an EPR study, signals from charge-separated
spin pairs were measured in P700^F3A/F
3
B com-
plexes, P700^F3A complexes, and P700
^F3X
cores. The microwave power at half saturation
(P1=2) of P700 was found to be greater when
both FA and FB are reduced than when only FA
is reduced. The experimental P1=2 values were com-
pared to values calculated by using P700^FA/FB
crystallographic distances assuming that either
FA or FB is closer to P700. By comparing the
experimental and theoretical values of spin relaxa-
tion enhancement e¡ects, it could be shown that
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F3A is closer to P700
 than F3B [75].
b In a rate study, the kinetics of P700 dark relax-
ation in P700^FA/FB complexes, P700^FA com-
plexes, and P700^FX cores were compared with
the expected kinetics of electron transfer [85] based
on the X-ray distances between the cofactors [104].
The analysis, which takes into consideration the
asymmetrical position of the iron^sulfur clusters
relative to FX is in agreement with an orientation
of PsaC that identi¢es FB as the donor to ferre-
doxin [108].
The weight of the evidence from these biophysical
experiments provided a compelling case that PsaC is
oriented with FA proximal to FX and FB as the do-
nor to ferredoxin. This conclusion is in agreement
with the 2.5 Aî crystallographic map of PS I that
visually shows the orientation of PsaC on PS I (see
Jordan, this issue).
4.3. The midpoint potentials of FA and FB
The values of the midpoint redox potentials of
iron^sulfur clusters in PS I (3540 mV for FA and
3590 mV for FB) based on low-temperature EPR
studies [27] imply the presence of an uphill (i.e., ther-
modynamically unfavorable) electron transfer be-
tween FA and FB (Fig. 5). However, by titrating
isolated PS I complexes and optical detection of
charge recombination between the iron^sulfur clus-
ters and P700, Schlodder and co-workers have mea-
sured the midpoint potential of FB and FA to be
3440 þ 10 mV and 3465 þ 10 mV [58]. Several con-
siderations may come into play to explain the di¡er-
ences in these observations and their relevance to
electron transfer in physiological conditions. First,
Fig. 5. Electron transfer scheme of forward and back reactions in PS I. The midpoint potentials of [4Fe^4S] clusters drawn as solid
lines refer to values determined by EPR spectroscopy; those depicted by shaded areas refer to values determined by transient absor-
bance spectroscopy ([58,97], see text for details).
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the redox potential of FB is experimentally deter-
mined by EPR at low temperatures and only in the
presence of reduced FA. Second, in both cases the
redox potentials of FA and FB were determined
under conditions where ferredoxin (or £avodoxin)
is not bound to the PS I complexes. Binding of fer-
redoxin (or £avodoxin) in vivo may alter both the
values of the midpoint potentials of the PsaC-bound
clusters, and the equilibrium constant of electron
transfer between FA and FB. Therefore, the values
of these midpoint potentials may di¡er in vivo and
in vitro. More work is needed to clarify the issue of
the redox potentials of FA and FB in situ.
5. The FX cluster
FX is ligated by two cysteines provided by PsaA
and two cysteines provided by PsaB [40,51,52]. The
amino acid sequences of PsaA and PsaB have been
deduced from the nucleotide sequences of the psaA
and psaB genes from a higher plant [32] and from
several strains of cyanobacteria [15,86,110]. In cya-
nobacteria, the PsaA and PsaB proteins have molec-
ular masses of 81.4 and 81.7 kDa, respectively, and
the sequence similarity between the two proteins is
about 45%. Each of the two proteins consists of 11
transmembrane helices and four K-helices near the
membrane surface [68]. The connection between the
stromal ends of K-helices j and k includes two
stretches of electron density pseudo-symmetrically
wrapped around the FX cluster [68]. The loops re-
spectively connecting two nearby K-helices j and k on
PsaA and jP and kP on PsaB carry conserved sequen-
ces PCDGPGRGGTCD with two cysteines in each
serving as the ligands to the [4Fe^4S] cluster FX [15].
It had been proposed that these loops are essential
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Fig. 6. X-band EPR spectra of [4Fe^4S] cluster FX in various
samples under di¡erent conditions. (A) Spectrum of F3X in PS I
complex of Synechocystis sp. PCC 6803, measured at 10 K dur-
ing in-cavity illumination of the sample upon freezing. The sim-
ulated EPR spectrum with gxx = 1.76 (47 G), gyy = 1.85 (63 G),
gzz = 2.15 (100 G) is shown by a solid line. The sample contains
800 Wg/ml chlorophyll a, 100 mM glycine (pH 10.5), 100 mM
sodium hydrosul¢te (dithionite) and 20% glycerol. (B) Spectrum
of F3X in PS I core complex of Synechococcus sp. PCC 6301
measured at 6 K during in-cavity illumination of the sample
upon freezing. The sample contains 1.7 mM sodium ascorbate
and 33 WM DCPIP. (C) Spectrum of F3X in PS I core complex
of Synechococcus sp. PCC 6301 measured at 6 K upon in-cavity
illumination of the sample frozen in the dark. The sample con-
tains 1.7 mM sodium ascorbate and 33 WM DCPIP. (D) Spec-
trum of F3X in PS I complex of C565SPsaB mutant of Synecho-
cystis sp. PCC 6803, measured at 10 K during in-cavity
illumination of the sample upon freezing. The simulated EPR
spectrum with gxx = 2.05 (50 G), gyy = 1.94 (35 G), gzz = 1.81 (50
G) is shown by a solid line. The sample contains 500 Wg/ml
chlorophyll a, 100 mM glycine (pH 10) and 100 mM sodium
hydrosul¢te (dithionite). (E) Spectrum of F3X in membranes of
Chlorobium tepidum, measured at 4.5 K during in-cavity illumi-
nation of the sample upon freezing. The simulated EPR spec-
trum with gxx = 1.77 (138 G), gyy = 1.935 (52 G), gzz = 2.145 (85
G) is shown by a solid line. The sample contains 38 Wg/ml bac-
teriochlorophyll a, 25 mM Tris^HCl bu¡er (pH 8.3) and 20%
glycerol. (F) Spectrum of F3X in RCs of C. tepidum, measured
at 4.5 K during in-cavity illumination of the sample upon freez-
ing. The simulated EPR spectrum with gxx = 1.77 (155 G),
gyy = 1.92 (70 G), gzz = 2.17 (70 G). The sample contains 14 Wg/
ml bacteriochlorophyll a, 25 mM Tris^HCl bu¡er (pH 8.3) and
20% glycerol. To account for di¡erent resonators the magnetic
¢eld reference values in the spectra were converted to corre-
sponding g-values as described in [118].
C
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for binding of the PsaC subunit [99], although more
recent X-ray data indicate that the surface of these
loops may be rather closely associated with the mem-
brane-intrinsic regions of PS I and represent a rela-
tively small surface for PsaC binding [68].
The EPR spectrum of FX can be observed after
chemical reduction of FA and FB with sodium hydro-
sul¢te at pH 10 followed by illumination at low tem-
perature or freezing under continuous illumination.
The EPR spectral properties of FX are unusual in
that the average of the g-values of (gxx = 2.06,
gyy = 1.86 and gzz = 1.76 [28]) is lower than in typical
low-potential [4Fe^4S] clusters and the linewidths are
much broader as compared to FA and FB. (However,
a slightly di¡erent gxx value of 2.15 was found by
numeric simulation of the FX spectrum in isolated PS
I complexes of Synechocystis sp. PCC 6803 [118];
(Fig. 6A). The EPR spectrum of FX shows a low
temperature optimum of V8 K) and a relatively
high microwave half-saturation power (P1=2s 200
mW at 8 K) due to e⁄cient spin relaxation [29]. A
similar EPR spectrum of FX can be observed in iso-
lated P700^FX cores devoid of PsaC [41,42] (Fig.
6B,C). However, the linewidths are somewhat broad-
er, and the low¢eld peak is shifted, an e¡ect that may
be caused by a change in the £exibility of the FX
binding site upon removal of PsaC and a ‘freezing
in’ of multiple conformations of the protein at low
temperature. It is interesting to speculate that the
di¡erence in the F3X spectrum measured by photo-
accumulation during freezing and by illumination
at 6 K may be due to di¡erent conformations of
PS I in the light and in darkness (Fig. 6B,C).
There are only a few reports on the midpoint po-
tential of FX. A value of 3705 þ 15 mV [17] was
obtained by reductive titration of PS I complexes
on a gold electrode and detection by low temperature
EPR spectroscopy. A higher value of 3670 mV was
estimated in P700^FX cores by titration with sodium
hydrosul¢te and detection by room temperature
transient optical spectroscopy [97]. Both values are
appropriate for the proposed function of FX as an
electron carrier between the phylloquinone acceptor
A1 (Em93790 mV [106]) and the terminal FA and
FB clusters. The features of the protein responsible
for the redox properties of FX that make it one of
the most electronegative iron^sulfur clusters are not
known.
The identity of the ligands to FX have been con-
¢rmed in Synechocystis sp. PCC 6803 [110,111] and
in Chlamydomonas reinhardtii [46,121] by mutagene-
sis and EPR spectroscopy. Substitution of serine for
cysteines in positions 556 and 565 of PsaB
(C565SPsaB and C556SPsaB) in Synechocystis sp.
PCC 6803 resulted in a modi¢ed EPR spectrum
(Fig. 6D). FA and FB nevertheless undergo quantita-
tive photoreduction as observed by low temperature
EPR spectroscopy during continuous illumination
[116,120]. At 15 K, a larger number of £ashes are
required to saturate the intensity of the mid¢eld
(g = 1.94) resonance of F3A in the C565SPsaB and
C556SPsaB mutants than in the wild-type. Consistent
with this ¢nding, the relatively low yield of the back-
reaction from F3A to P700
 in the mutant C565SPsaB
and C556SPsaB complexes implies that the photore-
duction of FA occurs with a decreased quantum e⁄-
ciency. Hence, a certain percentage of the electrons
do not pass from A31 to FX even at room temper-
ature. Contrary to expectations and to past experi-
ence with the PsaB-side mutants C565SPsaB and
C556SPsaB, SDS-gel analysis and Western immuno-
blots show that PsaC, PsaD and PsaE do not assem-
ble on the equivalent PsaA-side mutants C583SPsaA
and C574SPsaA (I. Vassiliev, L. McIntosh, J.H. Gol-
beck, unpublished results). EPR and optical results
show that the back-reaction occurs between P700
and F3X in C583SPsaA and between P700
 and A31
in C574SPsaA.
Mutations of FX ligands in Chlamydomonas rein-
hardtii appeared to have much more dramatic e¡ect
than in Synechocystis sp. PCC 6803. PS I did not
accumulate to a detectable level in a C560HPsaB mu-
tant, and from this it was concluded that C560 serves
as a ligand to FX [121]. A similar result of little or no
PS I accumulation was found in a C575DPsaA mu-
tant. In C575HPsaA, P700 oxidation was detected by
EPR spectroscopy, but the iron^sulfur clusters were
not detected [46]. Interestingly, a double mutant in
Chlamydomonas reinhardtii equivalent to C565SPsaB/
D566EPsaB also exhibited a decrease of quantum e⁄-
ciency of forward electron transfer [127].
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6. Kinetics of electron transfer between FX, FB, and
FA
For discussion of the kinetics of forward electron
transfer, see Brettel and Se¤tif (this issue).
6.1. Optical spectra of FX , FB and FA
Iron^sulfur clusters represent rather poor chromo-
phores for optical spectroscopic studies because the
SCFe charge-transfer bands are weak and broad
due to variability in the ground state energy. Optical
characterization in vitro is particularly di⁄cult in
multiprotein complexes, especially when other chro-
mophores are present that have overlapping spectra
(i.e., chlorophylls and carotenoids in photosynthetic
RCs). However di¡erential spectroscopic techniques
or £ash-induced optical absorption changes can be
employed to resolve the changes derived from the
iron^sulfur clusters. Partial loss of the main absorp-
tion band in the blue region of the spectrum is typ-
ical upon reduction of iron^sulfur clusters. This leads
to a di¡erential reduced-minus-oxidized spectrum,
and monitoring the time course of this absorbance
change provides information on kinetics of reduction
and oxidation of the iron^sulfur cluster.
The ¢rst indication for the reduction of an iron^
sulfur cluster in PS I at room temperature was from
the work of Hiyama and Ke, who discovered a £ash-
induced bleaching at 430 nm that decayed in ca. 45
ms3 [49,63,64]. Because of the wavelength maximum,
this component was named ‘P430’. It was soon rec-
ognized that P430 was equivalent to FA and FB
found by EPR spectroscopy. Since the primary elec-
tron donor, P700, also exhibits photobleaching in the
blue region upon oxidation, the spectrum arising
solely due to the acceptor must be obtained by di¡er-
ence; i.e., in the presence and absence of methyl viol-
ogen (which serves to remove the electron from the
acceptor side, thereby preventing a back-reaction to
P700). The former leads to the spectrum of P700
[FA/FB]3, and the latter leads to the spectrum of
P700 ; the di¡erence between the two is the spec-
trum of P430.
The FX optical di¡erence spectrum can be rela-
tively easily monitored in P700^FX complexes which
are obtained by chemically removing PsaC [39,40], as
well as from a cyanobacterial mutant strain lacking
PsaC [125]. Similar to P430, the di¡erence optical
di¡erence spectrum of F3X/FX is obtained in the pres-
ence and absence of methyl viologen to eliminate the
contribution from P700/P700. Typical of iron^sul-
fur clusters, FX displays a broad di¡erential spec-
trum on reduction, with a bleaching minimum
around 430 nm [97]. It has been suggested that the
di¡erential spectrum of FX measured in P700^FX
cores is di¡erent from that of FA/FB measured in
intact PS I complexes [33]. In our experience, these
subtle di¡erences are di⁄cult to exploit in attempts
to measure the kinetics of electron transfer between
FX and FA/FB 3.
6.2. Kinetics of back-reactions of FX , FB and FA
In the absence of soluble electron donors and ac-
ceptors, charge separation in isolated PS I prepara-
tions is followed by charge recombination between
P700 and one or more of the bound electron accep-
tors. The kinetics can be measured as the decay of a
photoinduced absorbance change of the participating
electron carriers, either P700 or the acceptor (or
both), after a saturating £ash. Although the [4Fe^
4S] clusters in PS I have broad and indistinct spectra
in the blue, back-reactions with P700 are kinetically
well-resolved by measurements in the blue and in the
near-IR regions. Charge recombination between
P700 and the terminal iron^sulfur cluster(s), moni-
tored at 430 nm, was found to take place with a
lifetime of ca. of 43 ms [49,50,59,63,64]. The photo-
oxidation of P700 is characterized by a di¡erence
spectrum with large negative absorption changes
(bleaching) around 430 and 700 nm and smaller pos-
itive absorption changes around 450 and 820 nm
[48]. In spite of the ca. 10-times lower extinction co-
e⁄cient at 820 nm compared with 700 nm, the spec-
tral region around 820 nm has advantages for mon-
itoring the changes in redox state of P700 because
charge separation is not induced by light in this spec-
tral region and because absorbance changes may be
monitored at relatively high chlorophyll concentra-
tions.
The kinetics of the back-reactions of earlier elec-
3 In this review we employ lifetimes rather than half-times, i.e.,
the time when the amplitude decreases to 1/e of the initial value.
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tron acceptors can be observed either after chemical
prereduction of the FA and FB clusters [101] or in
P700^FX core preparations devoid of the PsaC sub-
unit [40]. The lifetime of the FX back-reaction at
room temperature was found to be 373 Ws in a PS
I complex in which FA/FB was reduced with sodium
hydrosul¢te [101] or by application of successive
£ashes [11], and 1.8 ms in PsaC-less, P700^FX core
preparations. The application of a multidecade time
scale data acquisition (on Ws-to-s time scale) of the
near-IR transient absorbance or photovoltage ki-
netics of PS I preparations with di¡erent composi-
tions of [4Fe^4S] clusters provides convenient data
analysis over a high dynamic range [115]. In mem-
brane fragments and in trimeric P700^FA/FB com-
plexes, the major contribution to the absorbance
change at 820 nm was the back-reaction of F3A
and/or F3B with lifetimes of ca. 10 and 80 ms (ca.
1:4 amplitude ratio). In HgCl2-treated PS I com-
plexes, the back-reaction of F3A was approximated
with life times of 17 and 91 ms (ca. 1.7:1 amplitude
ratio) [117]. In PsaC-depleted P700^FX cores, as well
as in P700^FA/FB complexes with chemically reduced
FA and FB, the major contribution to vA820 is a
biphasic back-reaction of F3X with lifetimes of ca.
400 Ws and 1.5 ms [115,116]. Similar kinetics of the
photovoltage decay (330 Ws and a 2 ms at 1:1 am-
plitude ratio) was measured in sodium hydrosul¢te-
reduced digitonin PS I particles [109]. In a redox-
titration study of P700 transient absorbance changes
in PS I complexes from Synechococcus elongatus, ki-
netic components with lifetimes of 119 ms, 15 ms and
410 Ws were attributed to states P700 A1 FX FA FB,
P700 A1 FX FA F3B and P700 A1 FX F
3
A F
3
B [58].
It has been proposed that the non-exponential
character of back-reaction kinetics may be related
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Fig. 7. Charge recombination kinetics in PS I preparations
from Synechococcus sp. PCC 6301. (A) Intact TX^PS I com-
plex, 832 nm; (B) HgCl2-treated PS I complex, 832 nm; (C)
P700^FX core complex, 811 nm; (D) P700^FX core complex,
415 nm. Reaction medium (anaerobic): 25 mM Tris bu¡er (pH
8.3), 0.04% Triton X-100, 4 WM DCPIP and 10 mM Na ascor-
bate. Chl a concentration, 50 Wg/ml (A^C), 8 Wg/ml (D). Each
individual component of the multiexponential ¢t is plotted with
a vertical o¡set relative to the next component (with a longer
lifetime) or the baseline, the o¡set being equal to the amplitude
of the latter component.
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to existence of di¡erent conformational states of the
PS I complex [115]. If a distribution of rate con-
stants, described as A(t)vr0 F(d,0)exp(3t/d)dd (where
F(d,0) is the distribution function of amplitudes over
the continuum of time constants), is present in a
dynamic system, then a multiexponential ¢t routine,
such as Marquardt algorithm, can be used to derive
the maximum number of components with the larg-
est amplitudes. An alternative method of ¢tting the
kinetics with fewer numbers of components is pro-
vided by a stretched-multiexponential equation
where each component is represented as
At 
X
n
i1Aiexp 3t=d iL i
 
 B
where the stretch parameter, L, varies between 0 and
1. This equation represents a robust solution of a
general equation for kinetics with a distributed time
constant; in the case when L= 1, the equation turns
into a simple exponential. The kinetics of charge re-
combination in intact PS I complexes (Fig. 7A) are
nicely approximated by a main stretched-exponential
component (d= 65.2 ms, L= 0.69), a slow exponential
component with d= 3.5 s (P700 reduction from
DCPIP in the fraction of centers with oxidized ter-
minal acceptors, see [115]), and a minor 325-Ws phase
arising from the centers most likely with damaged
terminal iron^sulfur clusters. In HgCl2-treated PS I
complexes, which lack FB (Fig. 7B), the main com-
ponent of absorbance change is approximated with a
lifetime of 19.1 ms (L= 0.72). The slowest component
probably represents an admixture of charge recombi-
nation and forward electron donation to P700 in a
population of complexes still possessing FB. Since
extraction of FB leads to about 3-fold decrease in
the lifetime of charge recombination, it seems reason-
able that the acceptor for charge recombination with
P700 in intact PS I complexes should be assigned to
F3B . The kinetics of charge recombination, between
F3X and P700
, measured at 810 nm (Fig. 7C) is
approximated with a lifetime of 594 Ws (L= 0.79).
Since a 373 Ws kinetic phase with FA and FB (but
not FX) prereduced by sodium hydrosul¢te before
the £ash was attributed to the A31 back-reaction
[13], we have measured the time-resolved spectrum
of F3X/FX in P700^FX cores, and we have analyzed
the kinetics of absorbance changes at 415 nm, which
is the isosbestic point [108] of P700/P700 spectrum
(note that the P700 decay also contributes to absor-
bance changes in the blue; see Section 6). The ki-
netics at 415 nm have a good match to that at 830
nm (Fig. 7D), thus con¢rming the assignment of the
major phase in the PS I core complex to the F3X
back-reaction.
7. Iron^sulfur clusters in green sulfur bacteria and
heliobacteria
Green sulfur bacteria and heliobacteria have long
been considered to possess Type I RCs, even though
the reaction centers consist of a homodimer rather
than a heterodimer as in PS I. The best up-to-date
structural model is based on scanning transmission
electron microscopy studies [98]. Nevertheless, along
with the still-uncertain existence of an intermediate
electron acceptor analogous to A1 of PS I, the elec-
tron transfer properties of the acceptors in these RCs
are still poorly understood. One factor that limits
progress is the di⁄culty in growing the organisms;
another is oxygen sensitivity of the iron^sulfur clus-
ters. The reader is referred to the reviews of Hauska,
Amesz and Nitschke in this issue for more details on
general properties of green sulfur bacterial and helio-
bacterial RCs. Here, we focus on a comparison of
the RC-bound iron^sulfur clusters in anoxygenic
bacteria with those of PS I.
Two [4Fe^4S] clusters analogous to FA and FB
serve as the terminal electron acceptors in RCs of
green sulfur bacteria. They are bound to PscB, a
polypeptide of 232 amino acids with an apparent
molecular mass of 32-kDa [55]. The pscB gene bears
a super¢cial sequence similarity to the psaC gene of
PS I in that the codons for eight cysteines, compris-
ing two [4Fe^4S] binding motifs, are present. Hence,
PscB may be functionally equivalent to PsaC except
that the full-length PscB protein di¡ers from PsaC
due to presence of a large N-terminal and a smaller
C-terminal extension [14]. Most of our information
on the electron transfer properties of FA and FB in
green sulfur bacteria is based on EPR measurements
of isolated membranes and RCs. By analogy to PS I,
similar illumination and chemical reduction proto-
cols can be applied to resolve either the EPR spec-
trum of a single cluster or the interaction spectrum of
FA and FB.
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A single iron^sulfur cluster can be irreversibly
photoreduced by illumination of a dark-frozen sam-
ple at 10^15 K or chemically reduced at solution
potential between 3400 and 3420 mV. This accep-
tor, denoted as FB, has a distinct high-¢eld trough at
g = 1.84^1.86, a derivative at g = 1.91^1.92 and a
small peak at g = 2.06^2.08 (Fig. 2F). (Note that we
use the nomenclature of Nitschke and co-authors [88]
that de¢nes FB as the cluster photoreduced at 4.5 to
14 K, and FA as the cluster additionally reduced at
temperatures above 200 K. This is opposite to the
functional nomenclature used for FA and FB in PS I
where preferential reduction of FA occurs at low
temperatures.) This spectrum has been observed in
isolated membranes [45,65,88,118] and RCs
[30,45,73,92,105,118], but it has not been observed
in whole cells [118]. An interaction spectrum ascribed
to F3A/F
3
B can be observed in samples from di¡erent
strains of green sulfur bacteria at temperatures of
12^14 K following a photoaccumulation protocol
that promotes more than one electron, or upon
dark reduction with sodium hydrosul¢te at solution
potentials below 3500 mV. The common features of
this spectrum include a low-¢eld peak to g = 2.06^
2.08 and a mid-¢eld derivative at g = 1.91^1.94, and
a high-¢eld trough with g = 1.86^1.89 (Fig. 2G,H).
This spectrum was observed in whole cells [118], iso-
lated membranes [45,56,65,69,84,87,88,113,118] and
RCs [30,45,65,73,92,105,118] of di¡erent strains of
green sulfur bacteria. In membranes from Chloro-
bium limicola, one of the two clusters contributing
to this spectrum was found to have a midpoint po-
tential of 3550 mV [56,69]. In isolated RCs from
Chlorobium vibrioforme, a set of EPR spectra were
measured at varying reduction potentials and the
midpoint potentials of FA and FB (which were found
present at equal spin concentrations) were deter-
mined to be 3502 mV and 3450 mV [105].
In green sulfur bacteria there is considerable vari-
ability in the EPR spectra of the terminal iron^sulfur
clusters. Although this assessment has been attrib-
uted to detergent-induced alterations [45], a later
comparison of the spectra of the whole cells, mem-
branes, and RCs makes this possibility less likely
[118]. The [4Fe^4S] clusters can be reconstructed
into recombinant PscB using identical protocols as
for PsaC of PS I (unpublished data; however, see
Section 3.1). The EPR spectrum of unbound PscB
is similar to that of unbound PsaC, but while the
linewidths of the latter become narrower and g-val-
ues change upon binding to the P700^FX core, the
spectrum of PscB is broad both in the bound and
unbound forms. The FA and FB clusters in bound
and unbound PscB are sensitive to oxygen, and 5^10
min exposure leads to their irreversible degradation,
even in whole cells [118]. It appears that the clusters
degrade through a [3Fe^4S] intermediate. Taking
into account the redox titration data [105], FB in
green sulfur bacteria is expected to be more electro-
positive than FA. These data, however, do not allow
for resolution of the electron transfer sequence be-
tween FX, FA and FB.
A third iron^sulfur cluster FX in RCs of green
sulfur bacteria was suggested by amino acid sequence
analysis and con¢rmed by EPR spectroscopic stud-
ies. PscA in C. limicola contains a [4Fe^4S] binding
motif analogous to the FX binding site in PsaA and
PsaB of PS I [14]. This suggests that an analogous
FX cluster should exist in green sulfur bacteria. By
analogy with PS I, a weak high¢eld trough around
g = 1.76^1.79 was resolved in isolated RCs after pho-
toaccumulation under strongly reducing conditions
at 8 K [45,73,88,92]. A complete spectrum of FX
was later recorded without added reductant in both
membranes and RCs of Chlorobium tepidum with
highly active FA and FB. Its complete g-tensor was
resolved with gxx = 1.77, gyy = 1.935 and gzz = 2.145 in
the membranes, and gxx = 1.77, gyy = 1.92 and
gzz = 2.17 in isolated RCs [118] (Fig. 6E,F).
The kinetics of electron transfer between the iron^
sulfur clusters of green sulfur bacteria RCs have not
been studied, and only the lifetimes of the proposed
back-reactions of the clusters have been reported. A
10-ms component was attributed to the back-reac-
tion of [FA/FB]3 in membrane preparations of
C. vibrioforme [84]. Kusumoto et al. [73] reported a
225^600 ms (150^400 ms) transient by measuring ab-
sorbance changes at 438 nm, which was ascribed to
recombination of [FA/FB]3 with cyt c551. The life-
times of F3X back-reaction were reported to be 70
Ws [84] and 40 Ws [119] at room temperature, and a
40-ms component measured at 10 K [102]. The var-
iance and uncertainty in these values calls for addi-
tional systematic study.
The iron^sulfur clusters in heliobacterial RCs are
even less well-studied than in green sulfur bacteria.
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There is virtually no structural data on the heliobac-
terial RC, although the primary sequence of the pshA
gene, which encodes the heliobacterial RC homo-
dimer, shows a high homology to psaA and psaB,
which encode the RC polypeptides of PS I, and a
high homology to the pscA gene, which encodes the
RC polypeptides of green sulfur bacteria. It is espe-
cially notable that the cysteine-containing loop that
forms the FX binding site is present [78]. However, a
gene analogous to pscB of green sulfur bacteria or
psaC of oxygenic phototrophic organisms has not
been located in the cluster of photosynthetic genes
studied in Heliobacillus mobilis [124]. Hence, the
composition of the electron acceptors in Heliobacte-
ria (which are considered, along with green non-sul-
fur bacteria, as ancient phototrophic organisms
[123]) may be di¡erent from that of PS I and of green
sulfur bacteria. Quite a few measurements of EPR
spectra of heliobacterial RCs have been made. De-
spite the apparent absence of a suitable gene thus far,
EPR studies suggest the presence of FA and FB in
heliobacteria. Trost and Blankenship found a prom-
inent trough at g = 1.895 and a derivative at g = 1.938
in an EPR spectrum at 4 K of RCs poised at 3590
mV, which were ascribed to an iron^sulfur cluster.
Nitschke and co-authors have found that continuous
illumination of the membranes from Heliobacterium
chlorum at 5 K in the presence of ascorbate gives rise
to an EPR spectrum with gxx = 1.89, gyy = 1.93 and
gzz = 2.07, which they ascribed to FB. Following con-
tinuous illumination at 200 K with subsequent freez-
ing, a second cluster with gxx = 1.90, gyy = 1.95 and
gzz = 2.05 was found, while in the presence of high
concentrations of sodium hydrosul¢te both clusters
were reduced [89]. A similar spectrum with
gxx = 1.90, gyy = 1.94 and gzz = 2.05 was observed fol-
lowing photoaccumulation upon freezing whole cells
of H. mobilis to 14 K (I.R. Vassiliev, J.H. Golbeck,
unpublished results). There are no ¢rm EPR ¢ndings
of a FX-like cluster in whole cells or preparations
from heliobacteria, but transient absorbance data
show a broad bleaching between 400 and 500 nm,
decaying with a lifetime of 20 ms in urea-treated
membranes of H. mobilis [66], which was assigned
to the FX cluster. A lifetime of 8 ms was proposed
for back-reaction of F3X by Amesz and co-workers
[2], who have also suggested that the later acceptors
in the chain back-reaction lifetimes of 30 and 100 ms.
The information about the structure and electron
transfer properties of the bound iron^sulfur clusters
in heliobacterial RCs is obviously fragmentary, and
these issues require further study.
8. Concluding remarks
Type I RCs represent a highly £exible system for
the study of iron^sulfur clusters per se, since the
kinetics of a single electron transfer can be initiated
by a short pulse of light. Each of the three iron^
sulfur clusters of Photosystem I can be extracted se-
quentially, and they can be re-inserted using sulfur
and iron from inorganic sources. PsaC can be re-
moved and rebound, and the ligands to the FA, FB
and FX clusters can be altered using in vivo muta-
genesis techniques. The ligands to FA and FB can
also be changed using in vitro mutagenesis on re-
combinant PsaC. This provides a highly £exible sys-
tem for the manipulation and investigation of the
structural as well as functional properties of these
electron carriers. The 2.5 Aî X-ray structure of PS I
and the NMR solution structures of the PsaC and
PsaE subunits provide further perspectives for inves-
tigation of details of PS I assembly especially in
terms of studying protein-protein interactions be-
tween the stromal subunits. PsaC is an uncommon
instance of a tightly-bound, membrane protein whose
structure is now known in both bound and unbound
states, and it is the only instance of a dicluster fer-
redoxin-like protein studied in this context. The so-
lution structure of unbound PsaC determined by
NMR is quite di¡erent from the available X-ray
structure of PsaC as part of the assembled PS I com-
plex. This ¢nding clearly indicate that PsaC under-
goes conformational changes upon binding to PS I.
A fundamental question is how these conformational
changes are related to the changes in magnetic and
redox properties of PsaC-bound iron^sulfur centers
FA and FB between bound and unbound PsaC. In-
vestigation of this issue in the next few years prom-
ises to have an impact on our understanding of pro-
tein factors responsible for conferring redox
properties to inorganic cofactors and on the under-
standing of protein^protein interactions in the assem-
bly of multi-component, membrane-bound com-
plexes. Hence, lessons learned from PsaC and PS I
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should have relevance well beyond the realm of oxy-
genic photosynthesis.
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